ABSTRACT: In the Amazonian region, P is often a primary factor limiting sustainable agrosystems. We compared the efficiencies of local aluminous phosphate (ALP) and single superphosphate (SSP) under a cover of leguminous residues to determine the fate of P sources in an Amazonian soil with hardsetting characteristics. The experiment followed a randomized block design with four replications and the following treatments: ALPU, i.e. ALP plus urea (U); ALPL, i.e., ALP plus leucaena (L); SSPU, i.e., SSP plus urea; SSPL, i.e., SSP plus leucaena; and BS, i.e., bare soil (without residues). To assess the residual values of the P sources, we used a sequence of crops consisting of maize, cowpea and cassava. Both ALP and SSP exhibited low P efficiency in BS. The greatest amounts of P and N uptake in the plots where P sources and leucaena residues were added, as in those covered with leucaena residue, resulted in higher productivity levels.
Introduction
In low-input farming systems, the continual mining of P by crops and the subsequent removal of P decreases soil fertility. This removal is now recognized as the fundamental cause of unsustainability, deforestation and declining food security in smallholder farms in the Amazon region and its periphery (Aguiar et al., 2011) .
Although there are various sources of P available for use in agricultural systems, for a family farm in the humid tropics, the direct application of local phosphate rock (PR) appears to be a more attractive way of alleviating P deficiency than the use of more expensive, imported processed fertilizers, such as single superphosphate (SSP) .
In humid tropical soils, repeated wetting and drying usually promotes long-term hardening in the absence of soil aggregation (Mullins, 1999) . Then, nutrient usage efficiency is the primary factor affecting the sustainable management of agrosystems because of poor soil rootability and high rates of nutrient loss (Moura et al., 2009) .
Soil cover provides positive effects (i) by enhancing the rootability of soils susceptible to hardsetting, since covering the soil surface with mulch preserves the soil moisture by reducing evaporative losses thereby delaying cohesion (Becher et al., 1997) ; (ii) by promoting the formation of unstable aggregates through continuous application of residues that improve the environment for root growth and via increases in the free light fraction of organic matter (Shepherd et al., 2002) ; (iii) by decreasing the P sorption in highly weathered soils by promoting competition between residue decomposition products and P by sorption sites (Gupy et al., 2005) ; and (iv) by producing organic acids and humic substances during decomposition, which are also involved in the P solubilization process (Singh and Amberger, 1990) .
We tested two hypotheses: (1) in a soil with hardsetting characteristics, calcined aluminous phosphate can replace the soluble phosphate used in staple crops if it is combined with leguminous residues in a no-tillage; and (2) instead of using SSP, the residual value of phosphate rock (PR) reduces the need for imported fertilizers and increases the sustainability of systems during subsequent years. The objective of this study was to compare the efficiencies of an aluminous phosphate and single superphosphate underneath a cover of leguminous residues by determining the fate of the P of these sources in a tropical soil with hardsetting characteristics.
Materials and Methods

Experimental site and trial set-up
The experiment was conducted over four growing seasons (2010, 2011, 2012 and 2013) at the city of São Luís, in the state of Maranhão, Brazil (2   o   30' S, 44   o 18' W), at 4 m above sea level. The region has a hot, semihumid, equatorial climate with mean precipitation of 2,100 mm yr −1 and two well-defined seasons: a rainy season that extends from Jan to June and a dry season with a pronounced water deficit from July to Dec. The local soil displayed hardsetting characteristics (Moura et al., 2009) , cation exchange capacity 40.6 mmol c dm −3 and base-saturation percentage 36. The soil was characterized in accordance with the standard methods of the Institute of Agronomy, Campinas (Raij et al., 1986) . The soil's dry bulk density was 1.3 g cm −3 , as measured by the Thomasson method (1978) and soil samples were collected at depths of 0-20 cm in 2010 before sowing the maize.
The area had been fallow since 1990 and had supported a local type of grass, which was killed using a glyphosate application. The experiment was conducted under no-tillage conditions, and the experimental plot size was 4 × 8 m. Guardani et al. (1989) , phosphate consists mainly of the mineral crandallite -goyazite, (Ca, Sr)Al 3 (PO 4 ) 2 (OH) 5 .H 2 O, with 27.2 mass % of P 2 O 5 and CaO 7 %, SiO 2 = 3 %, Fe 2 O 3 = 4 % and Al 2 O 3 = 29 %.
The ALP was ground to a particle size of < 0.150 mm and then calcined at a temperature of 500 °C for 2 h. The calcination was performed using handcrafting techniques in furnaces commonly found in rural communities in the region and was monitored using an infrared radiation thermometer. The P 2 O 5 solubility of the calcined products was measured by extraction in a 2 % citric acid solution (Raij et al., 1986) and was determined to be 6 % P 2 O 5 . The P 2 O 5 solubility of single superphosphate (SSP) in the same 2 % citric acid solution was 18 %. These values were used to calculate the quantities of each product to be used in the soluble P 2 O 5 application. To assess the residual values of the P sources, we used a sequence of crops consisting of maize, cowpea and cassava, which are listed from least to most P depletive. The ALP and SSP was applied only in 2010 in a narrow band in a row planting of the maize. Residues from Leucaena leucocephala (leucaena) were collected from an area near the experimental site and applied in a quantity that was similar to that commonly produced in an alley cropping system (6 Mg ha , respectively. The experiment followed a randomized block design with four replications and the following treatments:
(1) an ALPU treatment consisting of 160 kg ha −1 of P 2 O 5 from ALP and 100 kg ha −1 of N from urea (U); (2) an ALPL treatment consisting of 160 kg ha −1 of P 2 O 5 from ALP and 6 Mg ha −1 of dry matter residue from leucaena (L); (3) an SSPU treatment consisting of 160 kg ha −1 of P 2 O 5 from SSP and 100 kg ha −1 of N from U; (4) an SSPL treatment consisting of 160 kg ha −1 of P 2 O 5 from SSP and 6 Mg ha −1 of dry-matter residue from leucaena (L); and (5) the bare soil (BS) treatment consisting of a control involving no residues, N and P application. The leucaena residue was applied in the form of fresh branches at a rate equivalent to 241 kg ha −1 yr −1 of N and 9.3 kg ha −1 yr −1 of P. The urea and leucaena were applied in 2010, 2011, 2012 and 2013. The total amounts of applied P (including organic and insoluble inorganic P) were 292 kg ha −1 from ALP and 78.70 kg ha −1 from SSP combined with U and 329.20 kg ha −1 from ALP and 115.90 kg ha −1 from SSP combined with L. The total amount of urea and leucaena was divided as follows: the maize crop received two surface applications, one at the time of sowing and one at approximately the appearance of the six leaves; and the cassava crop received an application at planting and a second at the time of the rainy period of the second vegetative cycle (12 months after planting). All of the plots received 60 kg ha −1 of K 2 O as potassium chloride and 4 kg ha −1 of Zn in the form of ZnSO 4 . Both of these applications were implemented during each year to all crops. The maize (cultivar AG 5020) was sown under a no-till system in Jan 2010 and Jan 2011. A spacing of 90 cm between rows and 33 cm between plants was used. The cowpea (cultivar xique-xique), which is a short-season crop, was sown in 2011 after the harvesting of maize with a spacing of 45 cm between rows and 15 cm between plants was used. The cassava (cultivar João-velho) was planted in Jan 2012. A spacing of 100 cm between rows and 50 cm between plants was used. The weeds were controlled by hand hoeing, once for each crop. In maize at the V4 stage, in cowpea 20 days after sowing and in cassava 30 days after planting.
Plant analysis
The P and N were measured in the dry matter of the maize, cowpea and cassava (including the roots) at physiological maturity. Ten plants from each plot were selected at random, and all of these plant materials were dried at 60 °C for 3-4 days to obtain constant weight. Subsamples were collected and ground to pass through a screen opening size of 1 mm. The concentrations of P and N were determined after digestion using H 2 SO 4 -H 2 O 2 , in accordance with Cottenie's standard method (1980) . At the end of the maize and cowpea harvests, the grain yields were evaluated and determined separately within an area of 10 m 2 ; the yields were reported based on a material moisture content of 145 g kg −1
. Cassava crop productivity was evaluated by measuring the dry matter of the roots. The fresh roots of the cassava were harvested (in Nov 2013) in an area of 16 m 2 and then dried for 3-4 days to obtain constant weight. excavating a trench 1 m long and 0.05 m wide. The samples from each point were passed through a 2 mm sieve and then air-dried prior to analysis. The fractionation of P in the soil was determined in accordance with the method of Hedley et al. (1982) , incorporating the modifications of Condron et al. (1985) . Briefly, at each step, 10 mL of extractant was added to 0.5 g soil in 15 mL centrifuge tubes (1:20 soil:solution ratio) and the tubes shaken end-over-end (orbital shaker, 60 rpm) for 16 h at 25 °C, soil sample was extracted sequentially using an anion exchange resin, 0.5 M NaHCO 3 (pH 8.5), 0.1 M NaOH, 1 M HCl and 0.5 M NaOH. The amount of inorganic phosphorus (Pi) in the alkaline extracts (NaHCO 3 -Pi, 0.1 M NaOH-Pi and 0.5 NaOH-Pi) was determined using the analytical method of Dick and Tabatabai (1977) . After centrifugation and removal of supernatant at each step of the fractionation, the soil was washed with 10 mL 0.5 M NaCl solution, to prevent the residual effect of the previous solution (pH change). The organic P (Po) was determined by calculating the difference between the total phosphorus (Pt) and Pi in the alkaline extracts. These alkaline extracts were added to a 1:1 sulfuric acid solution and 7 % ammonium persulfate in an autoclave at 121 °C and 103 kPa for 2 h to determine the Pt (inorganic P + organic P). The P acid extracts (NaHCO 3 -Pt, 0.1 M NaOH-Pt, 0.5 NaOH-Pt and HCl-Pi) were determined following the method of Murphy and Riley (1962) .
The fractions of P were quantified based on the lability predicted by the extractors. The labile P (LP) consisted of the resin P plus the NaHCO 3 -P (Pi and Po), the moderately labile P (MLP) consisted of the 0.1 M NaOH-P (Pi and Po) plus the HCl-P, and the hardly labile P (HLP) consisted of the 0.5 M NaOH-P (Pi and Po).
The P fate percentages were estimated as follows: (1) phosphorus recovery efficiency (PRE) = [(kg ha −1 P taken up in the treatment -kg ha −1 P taken up in the BS) / kg ha −1 total of P applied] × 100. The LP, MLP and HLP fractions were calculated as follows: (2) ) × 10 cm depth / 10.
Statistical analyses
The data were analyzed via analysis of variance (ANOVA), and the means were compared using Tukey's post hoc test at a p = 0.05 significance level. The data were analyzed using InfoStat software.
Results
Nutrient content and productivity
The use of the two P sources with the leucaena residue significantly increased the accumulation of N in all of the crops when compared with the bare soil (Table 1) . During the first year, there were differences in N accumulation between the treatments with different sources of P; N accumulation was higher in the SSP plot than in the ALP plot under the same style of management. During the second year (maize II), there was no difference in N accumulation between the two P sources in the treatments with leucaena, which were higher than all of the other treatments. In terms of N accumulation, the SSPU plot was equal to the BS, and the ALPU was intermediate. During the third year (cowpea crop), the two P sources with leucaena residue were also coequal and higher than the other treatments (which were coequal) in terms of N accumulation. During the fourth year (cassava crop), the ordering of N accumulation in the plots was SSPL > ALPL > ALPU > SSPU > BS. The ordering of total N accumulation in general during the study was SSPL > ALPL > ALPU = SSPU > BS.
In the maize I, maize II and cowpea plantings, there were no differences in P accumulation between the plots where the soil was covered with leucaena residue. However, in the cassava crop (third and fourth years), P accumulation varied, with the SSPL plot exhibiting higher P accumulation than the ALPL plot (Table 1) . During the first year, the ordering of P accumulation in the various plots without leucaena was SSPU > ALPU > BS. During the second year, P accumulation was approximately four times higher in the plots provided with residues than in those plots receiving other treatments, and there were no differences in P accumulation between the plots without residues and the control, regardless of the source of P. Similarly, P accumulation of P in the cowpeas was higher in the plots with residues and was lower in the uncovered plots than in the control, regardless of the source of P. The ordering of P accumulated in the cassava and the total accumulated P was SSPL > ALPL > ALPU > SSPU > BS. The total accumulated P in the crops was more than two times higher in the plots covered with residues.
Only in the second year was the productivity of maize higher in the ALPL plots than the SSPL plots (maize II). The productivity of cowpea and cassava was higher in the SSPL plots (Figure 1 ). In addition, productivity in the ALPU plots was higher than in the SSPU plots in the maize II and cassava crops. Except for the cowpea crop, in which the productivity of the BS plot did not differ from the uncovered plots, the productivity of the BS plot was lower than that of the other plots. In the cassava (third and fourth years), a crop with low P requirements, the productivity in the ALPU plot was higher than the SSPU plot. However, where residues of leucaena were provided, productivity in the SSP plot was superior. In all of the crops, productivity of the plots covered with leucaena was superior to that of the plots receiving the other treatments involving either of the P sources.
Soil P fractionation and fate of P
After four years, the amount of resin P was higher in the SSPL plot than in the ALPU plot in the 0-10 cm interval (Table 2) , and the NaHCO 3 -Pi was higher in the ALPL plot than in the SSPU plot. There were no significant differences between the other treatments. Additionally, NaHCO 3 -Po was higher in the ALPL plot than in the BS, ALPU and SSPL plots. Similarly, the 0.1 NaOH-Pi was higher in the ALPL plot than the BS and without significant differences to the other plots. The 0.1 NaOHPo in the SSPU plot was higher than in the ALPU, ALPL and BS plots. The HCl-Pi and 0.5 NaOH-Pi fractions did not differ from one treatment to the next, but the 0.5 NaOH-Po was higher in the ALPL plot than in the other plots, which did not differ from one plot to the next.
There were no differences beween the resin P, NaHCO 3 -Pi, NaHCO 3 -Po, 0.1 NaOH-Po and HCl-Pi fractions in the 10-20 cm interval (Table 2) . However, the 0.1 NaOH-Pi fraction was lower in the ALPU plot than in the ALPL plot and without significant differences to the other plots. Additionally, the 0.5 NaOH-Pi fractions were smaller in the BS and SSPU plots than the ALPU and SSPL plots. The 0.5 NaOH Po fraction was lower in the SSPL plot than in all of the other plots and was higher in the SSPU plot than in the ALPU plot. In the 20-30 cm interval, the NaHCO 3 -Pi fraction was higher in the SSPL. This fraction was lower in the SSPU plots than in other plots ( Table 2 ). The 0.1 NaOH-Pi fraction was higher in the ALPL plot than in the SSPL plot. Additionally, the 0.5 NaOH-Po fraction was lower in the BS plot than in the ALPU, SSPU and SSPL plots.
Only in the superficial layer did the labile and moderately labile fractions show differences between treatments ( Figure 2A ). In the ALPL plot, the labile fractions were higher than in the ALPU and the BS plots; in the other plots, the labile fractions were without significant differences. Similarly, the moderately labile fractions were higher in the SSPU plot than in the ALPU plot. In the same layer, the hardly labile fraction was higher in the ALPL plot than in all of the other plots (which did not differ from one to the next). In the 10-20 cm interval, this hardly labile fraction was higher in the ALPU plot than in the BS and SSPL plots; the other treatment plots did not exhibit significant differences ( Figure 2B ). The hardly labile fraction was also higher in the ALPU plot than in the ALPL plot in the 20-30 cm interval, and the source of the applied P made a difference in terms of the labile fraction in this deepest interval ( Figure 2C ).
The fate of the total P applied varied with the source of P and type of soil management (Figure 3) . The ALPU plot exhibited no buildup in the percent- age of labile or moderately labile P. Approximately 93 % of the total P applied in the ALPU form was transformed into residual P fractions. In the SSPU and ALPL plots, this fraction was 64 % and 74 %, respectively. In the same plots, the hardly labile fraction was 7 % and 6 %, respectively. In addition, the percentage of P uptake in the ALPL plot was 14 % versus 8 % in the SSPU plot. In contrast, the opposite trend was observed in the moderately labile fraction, i.e., 3 % and 15 % in the ALPL and SSPU plots, respectively. In the SSPL plot, the P recovery efficiency percentage was approximately equal to the residual fractions of P (45 to 48 %), and the rest (7 %) was transformed into the labile fractions.
Discussion
Nutrient content and productivity
The differences in productivity shown in this experiment were the results of the higher amounts of P and N uptake in the plots covered with the residues of leucaena, due to the higher amounts of labile P and available N, compared to the plots with urea (Table 1 and Figure 1 ). Enhancing understanding of these findings is important for the adoption of beneficial soil management practices and the use of P sources to enhance P efficiency in tropical soils. As major nutrients, N and P are critical to plant growth, it would even be expected that the assimilation of N could be increased in plants with an optimal P supply, and plants receiving adequate N may exhibit significant increases in P assimilation (Graciano et al., 2006) .
A negative correlation between unutilized N and levels of applied soluble P was reported by Ali et al. (2002) . Under leaching conditions, a steady release of N during the crop cycle from the residue is more important than rapid early availability in achieving high crop growth, according to Moura et al. (2010) . During the first year of our study, the SSP was more efficient than the ALP with or without the use of leucaena residue, which confirms that fertilizers containing more soluble P have a potential to supply P to plants immediately after application but that their P availability decreases over time (Rivaie et al., 2008) . .21 c BS = bare soil; ALPU = aluminum phosphate rock (ALP) and urea (U); SSPU = single superphosphate (SSP) and urea (U); ALPL = aluminum phosphate rock (ALP) and leucaena (L); SSPL = single superphosphate (SSP) and leucaena (L). Different letters in the same row indicate significant differences between treatments (p < 0.05). Because the P was applied during the first year, the uptake of P was dependent on the residual value of the P fertilizer, which varied with the type of crops and soil management that were used during the second year. Thus, during the second year, the residual value of the ALP was superior to the SSP, with or without soil cover, for increasing the productivity of maize, which is a highly P-demanding crop (Figure 1) . The higher release of P from the SSP during the first year may have contributed to the increased amount of P fixed by soil components and the decrease in the uptake of P during the year following application, whereas the opposite effect occurred with the ALP fertilizer (Hongqing et al., 2001) .
According to Rivaie et al. (2008) , dissolved P undergoes reactions with organic and inorganic constituents of the soil, resulting in products of varying solubility. Thus, higher values of 0.1 NaOH-Po were found in the SSPU plots than in the SSPL plots ( Table 2 ), suggesting that higher concentrations of organic P may have contributed to an increase in P uptake and yield of the cassava in the plots treated with the SSPL. Cassava is known to be adapted to low-P soil, with a lower critical level (4-6 mg kg −1 ) than other crop species such as maize (with a critical level of 10-15 mg kg −1 ) (Ribeiro et al., 1999) . In general, P uptake by cassava is dependent on vesicular-arbuscular mycorrhiza associations, and the effectiveness of these associations is determined by the extent of the infected root length (Howeler and Cadavid, 1990) .
The use of residues of leguminous plants enhances soil rootability and the lengths of the roots, as reported by Moura et al. (2012) . According to Okon (2011) , mulching increases the colonization of vesicular-arbuscular Sci. Agric. v.74, n.3, p.242-249 , May/June 2017 mycorrhiza in cassava due to its effect on the improvement of the soil's physical properties, such as soil moisture content, increased porosity and decreased mechanical resistance to hyphal growth.
Similarly, the higher P uptake of the cowpea crop in the SSPL plot is also associated with more effective symbiosis with arbuscular mycorrhizae and an increase in symbiotic nitrogen fixation (Jemo et al., 2006) . Cultivars of cowpea BRS are selected for their tolerance to P deficiency and aluminum toxicity in tropical acid soils (Barros et al., 2013) . Therefore, external requirements of P for nodulation in these cultivars of cowpea are lower than in other legume species (Alkama et al., 2009) .
After four years, with the sequence of crops used (less to more P-depletive crops), there was little contribution to the labile fraction of P by either source of P. Small differences between the P fractions were due to the style of management rather than to the solubility of the P source and were insufficient to change the critical level of P (Ribeiro et al., 1999) . In general, only the ALPL treatment resulted in higher P fractions (hardly labile and labile) in the 0-10 cm interval compared to the control (Figure 2A ). In contrast, the ALPU plot did not exhibit any difference in P fractionation from that of the BS. According to Mweta et al. (2007) , the practice of leguminous pruning can increase total P availability. Phenolic and aliphatic acids produced during the decomposition of organic matter are responsible for the solubilization of phosphates in soil (Ramesh et al., 2003) .
It is worth highlighting the comparison between the fate and recovery efficiencies of P associated with the SSPU and SSPL treatments (Figure 3) . Nearly 28 % of the P applied in the SSPU plot migrated to the moderately labile and hardly labile fractions, whereas the corresponding P in the SSPL plot may have been taken up by the plants, as the soluble fractions were practically equal in two treatments. In addition, the recovery efficiency with the SSPL treatment was 48 % versus 8 % with the SSPU treatment. Certain processes may account for this difference. First, competition between the residue decomposition products and P for soil sorption sites results in an increased soil solution P concentration in highly weathered soils (Guppy et al., 2005) . Second, the presence of residue on the soil surface decreases evapotranspiration, delays soil cohesion and enhances soil rootability (Moura et al., 2012) . These conditions favor both N and P uptake, thereby decreasing the opportunity for P sorption by the soil. Additionally, the differences in terms of P uptake and the moderately and labile fractions between the ALPU and ALPL (7 % to 20 %) treatments confirms the capacity for solubilization of P by leucaena residues, even with aluminous phosphate.
Conclusions
In soils of the humid tropics, which are prone to cohesion, both aluminous phosphate and single superphosphate exhibit low efficiency if they are used on soil without residue cover, which affects the sustainability of the system. In contrast, the use of leguminous residues in a no-tillage system increases P usage efficiency of both the single superphosphate and the aluminous phosphate, as this management practice enhances the uptake of both N and soluble P. The replacement of single superphosphate by aluminous phosphate may be advantageous during the second year of planting with high-demand crops, but the P of single superphosphate retained in the minus soluble fractions may be available if the SSP is used with P-depleting crops combined with a notillage system under a cover of leguminous residues.
